As biogas production expands, digestates from that industry are increasingly available as potential nutrient sources for crop production, but their agronomic value is poorly understood. Thus, a 5-yr field experiment was conducted to determine the agronomic values of anaerobically digested solid beef cattle feedlot manure (ADM) and the separated solids (SS) from ADM under a semiarid reduced-tillage dryland barley (Hordeum vulgare L.) forage cropping system. Three organic amendments, ADM, SS, and undigested solid beef cattle feedlot manure (CM), were applied annually at 200 or 400 kg total N ha −1 for 4 yr, while the residual effect was examined in the fifth year. The higher N and P availability in ADM translated into greater barley forage yields, total N uptake, amendment-derived N uptake, and apparent N recovery (ANR) from ADM-amended soil than SS-and CM-amended soils, while there were no significant differences between soils receiving SS or CM. The ANR was 22% for ADM but only 12% for CM and 9% for SS. In contrast, P uptake, the fraction of amendment-derived P uptake, and apparent P recovery were similar among all amendments. Similar yields, ANR, post-harvest soil NH 4 , NO 3 , and Olsen-P concentrations between SS-and CM-amended soils suggest that they have a comparable agronomic value. Less residual Olsen-P in soil receiving ADM than SS or CM suggests that ADM is a lower risk for P accumulation when applied at N-based rates. We recommend that current agronomic values for cattle feedlot manure could be applied to SS but not ADM.
B
iogas production, mainly CH 4 derived from livestock manure, has steadily increased over the years to meet the rising demands for renewable energy and environmental sustainability (Güngör and Karthikeyan, 2005; HolmNielsen et al., 2009) . Because carbohydrates are converted to CH 4 during anaerobic digestion, the remaining digestate after biogas production is a nutrient-rich substrate (Holm-Nielsen et al., 2009 ). These digestate nutrients could potentially be used as fertilizers in agriculture, thereby providing a more sustainable nutrient source than synthetic fertilizers (Vaneeckhaute et al., 2013 ). Yet, the fertilizer value of digestates is not well understood, which limits their effective utilization. Quantifying the agronomic value of digestates may improve opportunities to utilize these novel nutrient-rich organic amendments in crop production systems and minimize the risk of N and P loss to the environment.
Higher biomass yields with digestate application than unamended soils has been reported for corn (Zea mays L.; Barbosa et al., 2014) , spring barley (Hordeum vulgare L.; TerhoevenUrselmans et al., 2009) , potato (Solanum tuberosum L.), and two forage crops (Garfí et al., 2011) . Application of anaerobically digested materials increased soil NO 3 -N concentration by about 30 to 40% compared with raw cattle slurry ( Johansen et al., 2013) . However, increased NH 4 -N concentration in digested compared with undigested slurries does not guarantee improved N uptake efficiency or increased savings in N fertilizer (Möller and Müller, 2012) . This was confirmed by a 3-yr field study near Dixon and Melfort, SK, Canada, where digested and undigested liquid hog manure applications led to similar oat (Avena sativa L.) and canola (Brassica napus L. ssp. napus) yields (Schoenau et al., 2011) . However, there is limited information about anaerobically digested solid beef cattle feedlot manure, which has distinct physical and chemical characteristics when compared with liquid swine manure.
Digestates can be applied to land as liquid or separated into liquid and solid fractions. The separated liquid fraction can be applied via irrigation, directly injected, or a portion of it can be further processed and recycled for biogas production. The separated solids fraction could be applied to soil in the same manner as solid livestock manure. Similar to solid cattle feedlot manure, most N in separated solids is in organic form, which must be mineralized before it can be taken up by crops (Chiyoka et al., 2014) . However, there is limited information on the agronomic value of separated solids. A plant bioassay showed that digestate and its solid and liquid fractions from agricultural, industrial, and municipal wastes could be used as fertilizers for barley cereal production (Maunuksela et al., 2012) . Similar barley biomass yields were reported with the application of undigested cattle manure and the separated solids of digested manure to two calcareous soils in a greenhouse study (Chiyoka et al., 2014) . While apparent N recovery rates from undigested cattle manure and separated solids were similar for a clay loam soil, N recovery from separated solids was lower than that from undigested cattle manure in a silty clay soil (Chiyoka et al., 2014) , suggesting that separated solids may contain a larger fraction of recalcitrant organic N than undigested cattle manure and that its decomposition rate is a function of soil texture. In contrast, the solid fraction of a mechanically separated digestate led to enhanced P availability and a greater risk of P leaching than undigested cattle slurry, with little crop yield or P uptake benefit (Vanden Nest et al., 2015) . These contrasting findings in relation to N and P availability necessitate research into the agronomic value of separated solids so that it becomes a more well-defined soil amendment.
The objectives of this study were to determine the responses of barley forage yield and N and P uptake to anaerobically digested cattle feedlot manure (ADM) and the separated solid fraction (SS) after liquid removal from ADM and compare them with undigested solid beef cattle feedlot manure (CM). We hypothesized that (i) application of all forms of cattle feedlot manure amendments, whether digested or undigested, would supply available N and P to increase barley forage yield and N and P uptake and (ii) ADM would have higher available N and P concentrations than CM or SS, which will increase barley forage yield and N and P uptake. We further hypothesized that (iii) SS would supply the least N and P because most available N and P are partitioned into the liquid fraction. Thus, SS was expected to be less effective for increasing barley forage yield and N and P uptake than CM and ADM.
MATERIALS AND METHODS field Site Weather and Soil Properties
The field experiment was conducted from 2008 to 2012 near Lethbridge (49°38¢0² N, 112°48¢0² W, elevation 929 m), AB, Canada, under semiarid climatic conditions. Weather data (Table 1) were downloaded from the nearby Agriculture and Agri-Food Canada weather station (about 7 km north of the experimental plots).
The average annual air temperatures for the first 4 yr ranged from 5.8 to 6.3°C, which were close to the 30-yr (1981-2010) average of 6.4°C, but the 8.0°C observed in the fifth year was higher than average (Table 1) . The average growing season (from seeding to harvest) temperatures were as low as 15.0°C in 2010 to as high as 17.8°C in 2011, close to the June to August 30-yr average (16.2°C). The annual precipitation was 522, 417, 607, 537, and 389 mm from 2008 to 2012, close to or above the 30-yr average (396 mm). Each growing season had less precipitation than the 30-yr June to August average (206 mm), with 2011 (104 mm) being the lowest. The annual pan evaporation potentials (1527-1708 mm) were higher than the 30-yr average (1503 mm), while growing season values of 674 to 828 were lower than the 30-yr average (957 mm). The soil is a Dark Brown Chernozem (Typic Haploborall) ( Table 2 ). The site had previously been cropped to a 4-yr irrigated wheat (Triticum aestivum L.)-pea (Pisum sativum L.)-barley-canola rotation. Soil pH and electrical conductivity (EC) values (1:2 solid/liquid ratio in water) were lowest in the surface soil (0-5 cm) (pH 6.9, EC = 0.32 dS m −1 ) and increased with depth, reaching their highest values at 60 to 90 cm (pH 8.2, EC = 1.69 dS m −1 ). Soil organic C and total N concentrations were highest in the surface soil and decreased with depth. There was little variation in soil total P concentrations in the soil profile, with values in the surface soil (0.560 g kg −1 ) slightly higher than at lower depths.
Experimental Design
This experiment utilized three types of organic amendments and two N application rates that were arranged in a randomized complete block design with four replicates of each treatment combination. The treatments were applied to 2.5-by 15-m plots. There was a 2-m buffer zone between plots within each block and a 12-m buffer zone between the blocks in the field. The three organic amendments used in this experiment were (i) anaerobically digested solid beef cattle feedlot manure (ADM), (ii) separated solids after the liquid fraction was removed from anaerobically digested solid beef cattle feedlot manure (SS), and (iii) undigested solid beef cattle feedlot manure (CM). The three amendments (CM, ADM, and SS) were applied at the recommended agronomic rate to meet 100% of crop N needs (CM1, ADM1, and SS1) and at twice the recommended rate (CM2, ADM2, and SS2). An unamended control soil was also included for comparison. Following Alberta Agriculture and Rural Development (2000) recommended agronomic guidelines, target rates of 200 and 400 kg total N ha −1 were applied as the 1´ and 2´ rates, respectively, for barley forage production (Table 3) . To simplify fieldwork, it was assumed that 50% of the total N was plant available in the application year for all amendments because coefficients for N availability have not been developed for SS or ADM for this region. The amendment N released after 1 yr of crop production was not considered in subsequent years when calculating the application rates. Government of Alberta manure spreading regulations state that for a medium-to heavy-textured soil in this region, the NO 3 -N levels may not exceed 170 kg ha −1 in the top 60 cm of soil after manure application (Alberta Agriculture and Forestry, 2015) . 
field Experiment Setup
Amendments were applied annually for the first 4 yr, while the fifth year tested the residual amendment effect. Amendments were applied on 17 June 2008, 4 June 2009, 28 June 2010, and 7 July 2011. Each year, the ADM was directly injected using a custom plot-size applicator. In 2008, the solid amendments were surface applied and manually incorporated with hand rakes to a soil depth of about 2 cm. In 2009, the solid amendments were surface applied, but no method of incorporation was used because of a miscommunication. In 2010 and 2011, the amendments were surface applied and an offset disk was used to incorporate the solid amendments into the surface soil (2-10 cm).
Prior to annual seeding, the fields received Roundup Transorb [N-(phosphonomethyl) glycine] (Monsanto Co.) herbicide at 1350 a.e. ha −1 , and Attain XC A (1-methylheptyl ester) and Attain XC B (2-ethylhexyl ester) (Dow AgroSciences) herbicides were applied at 200 and 660 a.e. ha −1 , respectively. Achieve Liquid Gold (2-[1-(ethoxyimino)propyl]-3-hydroxy-5-(2,4,6-trimethylphenyl)-2-cyclohexen-1-one) (Syngenta AG) was mixed with water (1:200 ratio) and applied at 500 mL ha −1 to control weeds during the growing season when needed. Two-row 'AC Metcalf ' barley (88.5 kg seed ha −1 ) was grown from 2008 to 2010, and six-row Chigwell barley (98.4 kg seed ha −1 ) was grown in 2011 and 2012. Seeding occurred within 1 to 2 d after amendment application each year, except in 2010 when seeding was completed 6 d after amendment application due to adverse weather conditions ( 
Amendment, Crop, and Soil Sample Collection and Analysis
Three samples per amendment type were collected at the time of application. Fresh amendment samples were used for pH, EC, and water-extractable N (NH 4 -N + NO 3 -N) and PO 4 -P determination. Freeze-dried samples were used for total C, total N, and total P determination after being ground to pass through a 0.15-mm sieve. The mass difference before and after freeze-drying was used to calculate the water content of the amendment. Freeze-dried samples were also reanalyzed for water-extractable N and the differences between the fresh and freeze-dried samples were considered to be the volatilized NH 3 -N lost during sample handling and the freeze-drying process. The total N content for each amendment was recalculated to include the calculated N lost during handling and freeze-drying. The organic N in each amendment was calculated by subtracting the NH 4 -N and NO 3 -N concentrations from the total N concentration of each amendment.
For amendment pH and EC determination, approximately 25 g of fresh amendment was mixed with 100 mL of distilled water, while 125 mL of ADM liquid was not diluted. After the mixture was shaken for 1 h, the pH was determined using an Orion Model 125 pH meter. The slurry mixture was then filtered with Fisher Q2 filter paper (1-5 mm; Thermo Fisher Scientific), and the EC of the supernatant was measured with an Orion Model 290 EC meter. The extracting solution was then syringe filtered (<0.45 mm) for water-extractable NH 4 -N, NO 3 -N, and PO 4 -P determination by ion chromatography with a Dionex ICS-1000/DX-600 (Dionex Corporation). Finely ground samples were used to determine amendment total C and N concentrations by dry combustion with a CNS analyzer (Carla Erba). The total P concentration was determined by digesting finely ground samples with 18 mol L −1 H 2 SO 4 (Parkinson and Allen, 1975) , and the P concentration in the digested solution was determined by colorimetry with a discrete analyzer (EasyChem Pro, Systea Analytical Technology). The amendment properties are provided in Table 4 .
Barley forage was harvested at the soft dough stage (suitable for making silage feed; Zadoks growth scale = 85) and oven dried at 60°C for yield determination. Oven-dried samples were first coarsely ground, then finely ground and analyzed for total N and total P concentrations following the method outlined for the amendments above.
Soil samples (0-5, 5-15, 15-30, 30-60 , and 60-90 cm) were collected in fall 2007 prior to the first amendment application to determine baseline soil properties. At each harvest, soil samples were collected from the 0-to 15-, 15-to 30-, and 30-to 60-cm depths for NH 4 -N, NO 3 -N, and Olsen-P determination. For each soil sampling, eight cores were randomly collected from each plot, composited in the field, and returned to the laboratory. Soil samples were air dried and ground to pass through a 2-mm sieve; subsamples were then finely ground to pass a 0.15-mm sieve. Coarse-ground samples were used for pH, EC, NH 4 -N, NO 3 -N, and Olsen-P determination, while the finely ground samples were used to determine organic C, total N, and total P.
Soil pH and EC were determined as described for the amendments, except with a 1:2 soil/water ratio. The soil NH 4 -N and NO 3 -N were extracted using 2 mol L −1 KCl (1:5 soil/extract ratio; Keeney and Nelson 1982) ; the NO 3 -N plus NO 2 -N concentration in the extract was determined by automated colorimetry (Auto-Analyzer III, Bran+Luebbe) and the NH 4 -N concentration by automated colorimetry (Easychem Pro, Systea Analytical Technology). The NO 3 -N plus NO 2 -N concentration is referred to as simply NO 3 -N here because NO 2 -N levels are typically too low in soil to warrant determination (Mulvaney, 1996) and the NH 3 oxidation reaction that generates NO 2 -N and its subsequent nitrification to NO 3 -N occur rapidly after amendment application, limiting significant quantities of NO 2 -N from accumulating. Olsen-P was determined using a modified Olsen extraction method with a 1:10 soil/extract ratio (Olsen et al., 1954) . The P concentration in the extracting solution was determined by automated colorimetry (Easychem Pro, Systea Analytical Technology). Soil organic C, total N, and total P concentrations were determined using methods similar to those for the amendments, except for organic C, where inorganic C was removed before dry combustion by treating samples with 6 mol L −1 HCl.
Data Handling and Statistical Analysis
To calculate total barley N and P uptake, their concentrations in the forage were multiplied by the barley forage dry matter yield. The amounts (AmUN and AmUP) and fractions (AmFN and AmFP) of amendment-derived N and P uptake in barley forage and the apparent N and P recovery (ANR and APR, respectively) for each amendment were calculated as:
where U is the 5-yr cumulative N or P uptake by barley forage in the amended treatments (kg N or P ha −1 ), U 0 is the 5-yr cumulative N or P uptake by barley forage in the unamended soil (kg N or P ha −1 ), and A is the cumulative total amount of amendment N or P nutrient applied during the experimental period (in kg N or P ha −1 .) All statistical analyses were computed with SAS software (SAS Institute, 2005) . The data were analyzed as a 3 ´ 2 factorial with a control. Prior to conducting the ANOVA, the UNIVARIATE procedure was used to visually inspect the residuals for normality and potential outliers. Large residuals (3 ´ SEM) were removed before the ANOVA. The ANOVA was conducted with the MIXED procedure to assess the significance of amendment type, application rate, year, and their interactions on barley forage yield and N and P content and uptake. Amendment type, application rate, and year and their two-and three-way interactions were set as fixed effects, and block was a random effect. Year was set as a repeated measure. The ANOVAs for AmUN, AmUP, AmFN, AmFP, ANR, and APR were conducted as stated above but without year because these measures were made for the entire 5-yr period. The ANOVAs for soil NH 4 -N, NO 3 -N, and Olsen-P concentrations were conducted separately for each soil depth (0-15, 15-30, and 30-60 cm), where appropriate (NH 4 -N and NO 3 -N), with amendment type, application rate, year, and their two-and three-way interactions set as fixed effects, block as a random effect, and year as a repeated measure. Means were compared with the Tukey-Kramer adjusted post-hoc least square means test at P < 0.05. Correlation and regression analysis was used to explore the relationships of barley forage yield to N and P uptake and to growing season precipitation with the CORR and REG procedures, respectively, using treatment means. 
RESuLTS

Organic Amendments Applied during the four years
All amendment properties varied considerably during the 4 yr ( Table 4) . The ADM had much higher water content (0.946 kg kg −1 ) than the two solid amendments (0.535 kg kg −1 for CM and 0.651 kg kg −1 for SS). The pH values ranged from 7.6 to 8.6, with the 4-yr average for ADM (7.9) lower than that for CM (8.4) and SS (8.2). The amendment total C concentrations ranged from 270 to 446 g kg −1 , total N concentrations from 16.9 to 81.8 g kg −1 , organic N concentrations from 16.6 to 31.8 g kg −1 , and total P concentrations from 3.48 to 12.08 g kg −1 . The total C and organic N 4-yr average values were similar among the three types of amendments. However, the total N (65.5 g kg −1 ) and total P concentrations (9.76 g kg −1 ) for ADM were higher than those for CM (23.6 g kg −1 for total N and 7.54 g kg −1 for total P) and SS (21.9 g kg −1 for total N and 6.40 g kg −1 for total P). The C/organic N ratio was lower for ADM (13.2) than CM (17.0) and SS (16.6), while the N/P ratio was higher for ADM (7.0) than for CM (3.5) and SS (3.8) ( Table 4) .
The water-extractable N in all amendments was mainly in NH 4 -N form, with only trace amounts as NO 3 -N. The 4-yr average water-extractable NH 4 -N concentration was higher for ADM (36,915 mg N kg −1 ) than CM (1760 mg N kg −1 ) and SS (898 mg N kg −1 ). The water-extractable P concentrations varied considerably among amendment types and years, ranging from 367 to 1754 mg kg −1 . The 4-yr average water-extractable P concentrations among the three types of amendments did not significantly differ, with values of 931 mg P kg −1 for CM, 836 mg P kg −1 for ADM, and 595 mg P kg −1 for SS.
Barley forage yield
Barley forage yields were significantly affected by an amendment type ´ year interaction (Table 5 ; Fig. 1a) . The interaction primarily indicates that the forage yield in the growing season with the greatest precipitation (2009) and the year testing the residual amendment effect (2012) were the only years to have significant differences among amendments. In 2009, the ADM-amended soil significantly increased barley forage yield relative to the unamended soil, while there was a trend toward greater barley forage yield from ADM-than CM-amended soils (P = 0.0672). In 2012, the ADM-amended soil had significantly greater barley forage yield than SS-and CM-amended soil and the unamended soil. The annual average yield was positively correlated (r = 0.980, n = 5, P < 0.01) with precipitation during the growing season, with greater yield produced per unit of precipitation for soils amended with ADM (100.5 kg mm −1 ) than CM (69.7 kg mm −1 ) or SS (66.6 kg mm −1 ) (Fig. 2a) . Table 5 . Barley forage yield, total N and P contents, N and P uptake, and N/P ratio when harvested at soft dough stage in response to solid cattle manure (CM), anaerobically digested cattle manure (ADM), and separated solids after liquid fraction removal from ADM (SS) applied annually at 200 and 400 kg total N ha −1 rates (1 and 2) for 4 yr and a fifth year without amendment application.
Parameter yield N content P content N uptake P uptake N/P ratio 
Nitrogen and Phosphorus Concentrations in Barley forage
The N concentration in the barley forage tissue was significantly affected by an amendment type ´ year interaction (Table  5 ). The interaction shows that as the experiment progressed, the differences in the N concentration in barley tissue increased in magnitude between the ADM-amended soils and the SS-and CM-amended soils. This effect was strongest in 2010 and 2011, when ADM-amended soil produced significantly greater N concentrations than SS-and unamended soils.
The P concentration in the barley forage was significantly affected by an amendment type ´ year interaction (Table 5 ). The interaction indicates that there was a similar P concentration in barley forage with ADM and SS in 2009, but in 2012, SS application led to greater barley forage P concentrations than ADM.
Nitrogen and Phosphorus uptake
Barley forage N uptake was significantly affected by an amendment type ´ year interaction (Table 5 ; Fig. 1b) . Across years, the interaction indicates that there were no significant differences among treatments in 2008, but each year thereafter, the ADM-amended soil had significantly greater N uptake than the unamended soil, greater N uptake than the CM-amended soil in the year with the greatest precipitation, and greater N uptake than the SS-amended soil in the fifth year. In 2009, the ADMamended soil had significantly greater N uptake than the CMamended soil and the unamended soil. In 2010, 2011, and 2012, the ADM-amended soil had significantly greater N uptake than the unamended soil, and greater N uptake than the SS-amended soil in 2012. The ratios of N uptake from amended soils to unamended soils ranged from 0.99 to 1.28 (average 1.17) in Year 1, 1.01 to 1.69 (average 1.22) in Year 2, 1.04 to 1.88 (average 1.35) in Year 3, 1.35 to 2.29 (average 1.56) in Year 4, and 1.39 to 3.81 (average 1.71) in Year 5.
Barley forage P uptake was only significantly affected by year (Table 5) . Averaged across all years, P uptake (14.9-16.0 kg P ha −1 ) was similar among amended soils, and all were higher than unamended soils (11.1 kg P ha −1 ). Averaged across all treatments, P uptake in 2009 (19.3 kg P ha −1 ) was not significantly different than in 2008 (15.6 kg P ha −1 ) but was significantly greater than in 2010 (12.7 kg P ha −1 ), 2011 (5.3 kg P ha −1 ), and 2012 (13.3 kg P ha −1 ).
The barley forage N/P ratios ranged from 5.7 to 13.6 during the study period (average 8.8) and were significantly affected by an amendment type ´ rate ´ year interaction (Table 5 ). The interaction indicated that the ADM2 and ADM1 treatments had similar N/P ratios throughout the first 4 yr of the experiment, but in the fifth year the ADM2 N/P ratio reached 12.1 while the other amended soils produced barley forage ratios ranging from 5.7 to 7.9. In 2008, regardless of application rate, barley forage N/P ratios were similar for all amended soils. Barley forage yield was positively correlated with N uptake and was independent of amendment type (Fig. 2b) . For each kilogram of N uptake, 52.3 kg of forage barley was produced. On the other hand, correlations between forage yield and P uptake depended on the amendment type (Fig. 2c) . For every kilogram of P uptake, ADM-amended soil produced higher forage barley yield (577 kg yield kg −1 P uptake) than CM-and SS-amended soils (391 and 401 kg yield kg −1 P uptake, respectively).
The 5-yr cumulative AmUN and AmFN were significantly affected by amendment type (Table 6 ). The AmUN and AmFN from ADM-amended soils were significantly higher than from CM-and SS-amended soils. The soil apparently supplied 57 to 80% of the barley forage N uptake. The ANR by barley forage was also affected by amendment type, with greater N recovery from ADM-amended soils (22%) than CM-(12%) or SSamended (9%) soils.
The 5-yr cumulative AmUP, AmFP, and APR were not significantly affected by amendment type (Table 6 ). The soil apparently supplied 69 to 75% of the barley forage P uptake during the 5 yr. A key assumption for calculating the soil N and P supply is that the soil N and P supply by the amended soils occurred at the same rate as that by the unamended soils.
Responses of Soil Ammonium-Nitrogen, NitrateNitrogen, and Olsen-Phosphorus to Amendment Application during five years
In the 0-to 15-, 15-to 30-, and 30-to 60-cm depths, the soil NH 4 -N concentrations were only significantly affected by year (Table 7) . The NH 4 -N concentrations across the three soil depths were typically greatest in 2008 and lower thereafter, with significantly lower NH 4 -N values in 2011. In the 0-to 15-and 15-to 30-cm depths, soil NO 3 -N concentrations were significantly affected by an amendment type ´ rate ´ year interaction ( Table 7) . The interaction clearly indicated that in 2011 for both soil layers, the ADM2 treatment had disproportionately greater NO 3 -N concentrations than ADM1 and all the other amended soils, regardless of application rate (Fig. 3a) . In 2009, ADM2 had significantly greater NO 3 -N concentrations in the 15-to 30-cm soil layer than all the other treatments except the ADM1-amended soils. In the other years, there were no significant differences detected among amended and unamended soils. In the 30-to 60-cm depth, the soil NO 3 -N concentration was significantly affected by both amendment type ´ rate and amendment type ´ year interactions (Table 7) . The amendment type ´ rate interaction showed that the ADM2 treatment had significantly greater NO 3 -N concentrations than every other amended and unamended soil, and no other amendments showed significant differences between rates. The amendment ´ year interaction indicated that in 2008 the ADM-amended soils were not significantly different from the other amended and unamended soils, but in 2009, 2010, and 2011 there were significantly greater NO 3 -N concentrations in the ADM-amended soil than the SS-, CM-, and unamended soils.
Olsen-P concentrations in the 0-to 15-cm depth were significantly affected by an amendment type ´ year ´ rate interaction (Table 7 ). The interaction indicated that until 2011, the only significant effect was the greater Olsen-P concentration in the SS2-amended soil than the unamended soil in 2010 (Fig. 3b) . In 2011, SS1-, SS2-, and CM2-amended soils had significantly greater Olsen-P concentrations than the unamended soil, while both CM2-and SS2-amended soils had significantly greater Olsen-P than ADM1-and CM1-amended soils. , where U is cumulative N or P uptake during the experimental period by barley forage from amended treatment and U 0 is cumulative N or P uptake during the experimental period by barley forage from the check or unamended soil. ‡ AmFN or AmFP = (U − U 0 )/U. § ANR or APR = (U − U 0 )/A, where A is cumulative amendment total N and total P applied during the experimental period. ¶ Values in a column within their respective amendment or rate followed by different lowercase letters are significantly different according to a least square means comparison with Tukey adjustment (P < 0.05). Means comparisons are only shown for main effects when an interaction involving the main effect was not significant.
DISCuSSION
Barley forage Response
The higher barley forage yields from amended soil than unamended soil and higher yield from ADM-amended soil than from CM-and SS-amended soil supported our first two hypotheses that (i) application of all forms of cattle feedlot manure amendments, whether they are digested or undigested, would provide N and P for barley uptake and increase barley forage yield and (ii) higher available N and P concentrations in ADM would increase barley forage yield more than CM and SS. Our results are consistent with those reported by others for digestates (Terhoeven-Urselmans et al., 2009; Garfí et al., 2011; Barbosa et al., 2014; Bachmann et al., 2014; Frøseth et al., 2014) and for CM and SS (Chiyoka et al., 2014) . In addition, the higher forage yields in response to ADM than CM and SS application reflected greater available N and P concentrations in ADM (Table  3) , in agreement with results reported by others (Tambone et al., 2010) . However, it is important to point out that during growing seasons with low precipitation, barley forage yields did not respond to amendment application. This was probably a result of water limiting crop growth.
Our first part of the third hypothesis was that SS would provide the least N and P for barley uptake because most available N and P is in the liquid fraction, and this was confirmed as the average water-extractable mineral N (NO 3 -N + NH 4 -N) and P in SS were 50 and 64%, respectively, of the levels in CM. However, lower water-extractable mineral N and P did not correspond to reduced barley forage yield from SS-amended soils. This led to acceptance of our third null hypothesis because barley forage yields were similar between SS-and CM-amended soils. Our results are consistent with a greenhouse study that reported similar barley biomass yields between digested separated solids and fresh cattle manure (Chiyoka et al., 2014) .
While most soluble N and P are removed in the liquid fraction when separating solids from the digestate (95% water content), there was still a considerable amount of water (68%) in the SS after separation (Table 3) . Better performance of SS than expected may be related to effects apart from macronutrients, e.g., micronutrients, and also perhaps a beneficial effect on soil tilth and structure. Anaerobic digestates as a whole are expected to have greater agronomic value than their undigested counterparts (Bachmann et al., 2014; Insam et al., 2015) . However, the separated solids lose much of their available water-soluble nutrients on fractionation. This loss may be partially offset by enhanced decomposition during the anaerobic digestion process, which could increase the available nutrient content in SS, thus supporting our result that SS-amended soils yielded similar crop responses to CM-amended soils. For Year 5, without amendment application, the significant differences among treatments demonstrated the residual effect of the previous four annual ap- -harvest soil NH 4 -N and NO 3 -N at the 0-to 15-, 15-to 30-, and 30 -to 60-cm depths and Olsen-P at the 0-to 15-cm depth in response to solid cattle manure (CM), anaerobically digested cattle manure (ADM) and separated solids after liquid fraction removal from ADM (SS) applied annually at 200 and 400 kg total N ha −1 rates (1 and 2) for 4 yr. plications, which is consistent with the residual effect of organic amendments in other studies (Eghball et al., 2004; Gutser et al., 2005; Lentz and Lehrsch, 2012) but is also a reflection of depleted plant-available nutrients in the control soil after 5 yr without an external fertilizer source. The annual forage yields in our study (4-11 Mg ha −1 ) were comparable to the range (7-13 Mg ha −1 ) reported for barley in this region (Hargreaves et al., 2009) , apart from the low yield obtained in 2011. Forage yield variations over the years largely reflected growing season rainfall, as indicated by yield responses to growing season precipitation (Fig. 2a) . The low growing season precipitation (104 mm) combined with the late seeding (7 July 2011) and poor seedling establishment due to high temperatures immediately following seeding led to low yields in 2011. Although no amendments were applied in spring 2012, the residual soil mineral N in fall 2011 was considerable, which probably resulted from the low 2011 barley forage yield and N uptake, leading to greater yields in 2012 than 2011.
The increased yield for ADM-amended soil largely reflected the greater N uptake associated with its larger fraction of available N (NH 4 -N/total N = 0.56) than CM (0.08) and SS (0.04). This was supported by the greater amount and fraction of amendment-derived N uptake and N recovery from the ADM-than CM-and SS-amended soils. Greater N recovery from co-digested than undigested pig slurry was reported by de Boer (2008) . A lower C/N ratio for ADM (ranging 11-15 and averaging 13 ± 1.0) also means that N immobilization is a lower risk in ADM-amended soils than in either CM or SS (C/N ratios ranging 14-23, averaging 17 ± 1.0).
Similar total P uptake from all amended soils in our study was expected because the digestion process has minimal influence on plant-available P (Möller and Stinner, 2010; Bachmann et al., 2014) , and all amended soils supplied sufficient P for barley production (tissue P concentration 0.15-0.19%) assuming a P sufficiency range of 0.1 to 0.5%. The linear yield increases with growing season precipitation suggest that precipitation was probably the dominant factor limiting dryland barley forage production on this calcareous soil in this semiarid region.
Research has clearly indicated that the recovery of manure N is highest with immediate incorporation (Webb et al., 2014) , which presents a challenge for using solid organic amendments as N sources in reduced-tillage cropping systems. Direct injection of ADM probably enhanced its N recovery (22%) by minimizing NH 3 -N volatilization ; however, its chemical composition (NH 4 -N/total N and C/organic N ratios) also strongly favored N recovery compared with the other amendments. Incorporation by disk or tine decreased NH 3 -N volatilization of solid cattle, poultry, and swine manure by 60% compared with surface application (Webb et al., 2014) . Thus, an effective strategy to retain more N when applying solid organic amendments is incorporating by disk.
Nitrogen and Phosphorus Recovery
The ANR by barley (9% for SS and 12% for CM) was similar to the 8% for September-applied and 16% for December-, March-, and spring-applied farm manure in Demark, but it is important to acknowledge the higher annual precipitation (626 vs. 396 mm) and temperature (7.3 vs. 6.2°C) in Denmark compared with Lethbridge, AB (Thomsen, 2005) . A 6-yr study of an irrigated triticale (Triticosecale spp.)-barley forage rotation found that the ANR from N-based beef cattle feedlot manure applied to a calcareous soil near Lethbridge, AB, was 15% (Olson et al., 2010b) . We suspect that the greater recovery from the cattle manure probably resulted from irrigation boosting N mineralization, yield, and N uptake.
In our study, the NH 4 -N/total N ratios were 0.08 for CM and 0.04 for SS, and the ANR was 12 and 9%, respectively. These results suggest that applying CM and SS based on the NH 4 -N content would be an effective strategy to increase barley yields to levels comparable with ADM. However, this is not a recommended practice because P accumulation would result, which increases the risk of eutrophication (Sims et al., 2000) . In ADMamended soils, the ANR was 22% but the NH 4 -N/total N ratio was 0.56, indicating that less than one-half of the applied NH 4 -N was recovered by the barley and that little to no apparent organic-N mineralization occurred. The ratio of ADM (0.56) was near the low end of the range reported for liquid swine manure (0.53-0.91) but in the mid-range of liquid dairy cattle manure (0.35-0.74; Zebarth et al., 1996; Thomas et al., 2015) . Thus, ADM could probably be managed similarly to liquid dairy cattle manure until more research has been conducted to more accurately quantify its agronomic value across a range of cropping systems. Because beef cattle feedlot manure is usually managed in solid form, recommendations for beef cattle slurry are uncommon for this region; thus, liquid dairy cattle manure appears to be the most similar amendment with widely available agronomic values.
Soil Ammonium-Nitrogen, Nitrate-Nitrogen, and
Olsen-Phosphorus
The greatest reduction in soil NO 3 -N concentrations in the three soil depths occurred after the first year of barley production, which suggests that available N (NO 3 -N + NH 4 -N) in all amendments applied and the mineralization of organic N (from both amendments and soil) during the growing season did not compensate for crop N removal, leading to depletion of soil NO 3 -N. This suggests that the level of precipitation was affecting crop performance, N uptake, and the residual NO 3 -N remaining in the soil. After a growing season of low precipitation and crop yield, lower application rates of amendments may be required in the following spring because of the accumulation of unused NO 3 -N and easily mineralizable N. This occurred in the fourth and fifth years of this study. This implies that using organic amendments as the sole N source in dryland barley forage production requires careful attention to growing season precipitation, crop response, and residual NO 3 -N.
Elevated NO 3 -N concentrations for ADM-amended soil observed at the 30-to 60-cm depths in 2009, 2010, and 2011 may have been caused by downward movement of NO 3 -N from the surface soil before N uptake by barley. Above-normal precipitation in August 2009 may have increased NO 3 -N leaching from the surface to the 30-to 60-cm depths. Because NH 4 -N is quickly oxidized to NO 3 -N after manure application Bechini and Marino, 2009; Fangueiro et al., 2012 Fangueiro et al., , 2014 Fangueiro et al., , 2015 , the high NH 4 -N content in ADM (20 times the values in CM and 41 times the values in SS), combined with its 95% water content, favored NH 4 -N oxidation to NO 3 -N and increased the NO 3 -N leaching potential more than soil receiving CM or SS. The higher residual NO 3 -N in the soil in Year 4 (2011) probably resulted from low precipitation that growing season combined with a later seeding date, which limited NO 3 -N uptake by barley.
The Olsen-P increased with time in the amended soils compared with initial soil Olsen-P concentrations, reflecting the lower N/P ratios in the applied organic amendments (from 3.5-7.0, average 4.8) than the barley forage crop uptake (from 5.7-13.6, average 8.8). Because our amendment application rates were based on crop N needs, P accumulated. The lower Olsen-P in ADM-than CM-and SS-amended soils and similar Olsen-P between CM-and SS-amended soils largely reflected the amount of P applied during the experimental period due to the greater N/P ratio in ADM (7.0) than CM (3.5) and SS (3.8). Limiting Olsen-P (soil test P) accumulation is important because this P is susceptible to hydrologic loss pathways, primarily via runoff and leaching (Pote et al., 1996; Sims et al., 2000; Olson et al., 2010a; Kumaragamage et al., 2011; Ziadi et al., 2013) . Because the N/P ratio of ADM (7.0) was relatively close to that of the barley forage (8.8), the ADM-amended soil had a significantly lower risk of P accumulation than soils receiving CM or SS. Similar to soil NO 3 -N concentrations, during growing seasons with low precipitation and poor crop performance, plant-available P will probably accumulate, indicating that organic amendment application rates may require adjustment to account for this in the subsequent growing season.
The similar Olsen-P between CM-and SS-amended soils was in contrast to the finding by Vanden Nest et al. (2015) that digestate separated solids increased CaCl 2 -extractable P and was a higher risk for P leaching than undigested cattle slurry. This contrasting finding probably derives from the cattle manure in our study being in solid form prior to anaerobic digestion. Typically more total P is partitioned into the solid than liquid (slurry) fraction of manure (Hjorth et al., 2010) , which was the substrate for the anaerobic digestion process in our study, rather than an animal manure slurry used by Vanden Nest et al. (2015) . The higher annual precipitation and temperature and the acidic soil in Belgium may have also contributed to differences with our study.
CONCLuSIONS
Under semiarid climatic conditions, higher dryland barley forage yields were obtained following four annual applications of anaerobically digested cattle manure than undigested beef cattle manure. Separated solids had similar yield and nutrient levels as undigested beef cattle manure, suggesting that their agronomic value is comparable. The apparent N recovery by barley (9-22%), particularly with undigested beef cattle manure (12%) and separated solids (9%), appeared to be limited by precipitation. The risk of P accumulation was lower with anaerobically digested cattle manure application, indicating that applying this amendment at N-based rates is more appropriate than undigested beef cattle manure or separated solids. This was supported by a greater N/P ratio for anaerobically digested cattle manure (7.0) than undigested beef cattle manure (3.5) or separated solids (3.8). We recommend that feedlot manure agronomic values developed over the years are suitable for digestate separated solids. Until more study has been conducted, we propose that anaerobically digested beef cattle feedlot manure be managed like liquid dairy cattle manure because they have similar NH 4 -N/total N ratios and water contents and better agronomic performance than solid beef cattle manure.
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